Maternal antiretroviral treatment (ART) started before conception may increase the risk for adverse birth outcomes among women with human immunodeficiency virus (HIV) infection, but whether the risk differs by ART regimen is unknown.
W orld Health Organization (WHO) treatment guidelines recommend 3-drug antiretroviral therapy (ART) for all persons infected with human immunodeficiency virus (HIV), including more than 1.5 million HIVinfected women who become pregnant every year.
1,2 However, maternal ART taken during pregnancy may increase the risk for adverse birth outcomes, including preterm birth, stillbirth, and small size for gestational age (SGA) after in utero exposure, particularly among those exposed from conception.
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Information on the comparative safety of specific ART regimens used during pregnancy is lacking. In utero exposure to protease inhibitors has been associated with an increased risk for preterm birth, 6, 10, 12, 13 and recent data from the PROMISE (Promoting Maternal and Infant Survival Everywhere) Study raise concerns about the combination of lopinavir and ritonavir (LPV-R) with tenofovir disoproxil fumarate and emtricitabine (TDF-FTC). 5 However, only limited data have evaluated the safety of TDF-FTC in combination with efavirenz (TDF-FTC-EFV), 4, [14] [15] [16] [17] [18] which is the WHO-recommended regimen now used by most HIV-infected pregnant women throughout the world, and no studies compare the safety of different ART regimens taken from before conception. Botswana offers a unique opportunity to study the comparative safety of in utero exposure to ART regimens from conception. Botswana has a high prevalence of HIV infection (approximately 22% of adults), 19 high uptake of HIV testing and ART in pregnancy (99% undergoing testing and >90% receiving ART), a high proportion of hospital deliveries (95%), and a long-standing HIV treatment program (>50% of HIVinfected pregnant women receive ART before conception). 20, 21 Botswana's national HIV treatment guidelines recommended TDF-FTC-EFV for all adults and pregnant women from 2012 through 2016 but did not recommend switching older regimens among stable HIV-infected individuals. 22 Therefore, women receiving ART at conception in Botswana receive a variety of antiretrovial drugs, including EFV, nevirapine (NVP), and LPV-R combined with TDF-FTC or zidovudine and lamivudine (ZDV-3TC). Taking advantage of this unique landscape in Botswana, we performed birth outcomes surveillance to study differences in birth outcomes by specific ART regimens started before conception.
Methods

Study Population
We abstracted data from obstetric records of all women who delivered live-born or stillborn infants at 8 government maternity wards in Botswana, which represent approximately 45% of all births in the country. 23 
Data Collection
Study data were collected from August 15, 2014, through August 15, 2016. At each site, deidentified data were abstracted from obstetric cards (used throughout pregnancy) at the time of discharge from the postnatal ward. Information included maternal demographic data, maternal medical history, medications prescribed at the time of conception, and self-reported alcohol and tobacco use. The obstetric card also included laboratory values measured in pregnancy (levels of hemoglobin and rapid plasma reagin); serial blood pressure and weights; maternal diagnoses during pregnancy; medications prescribed during pregnancy with start dates; and the infant birth record with type of delivery, Apgar scores, gestational age, birth weight, congenital abnormalities, and vital status of the infant(s) at the time of discharge. For HIV-infected women, the obstetric card captured the date of diagnosis of HIV infection, most recent CD4 cell count, and history of ART use (including start date, regimen, and any switch or discontinuation during pregnancy). The estimated gestational age was documented by nurses at the time of delivery using the estimated date of delivery calculated during antenatal care, based on last menstrual period documented at the first antenatal care visit and confirmed by ultrasonography when available. If the date of the last menstrual period was unknown or suspected to be incorrect and if no ultrasonographic record was available, fundal height measurements were occasionally used by midwives to estimate gestational age.
Exposure Definitions
Births were considered to be HIV exposed with documentation of a positive maternal HIV test result during or before pregnancy and HIV unexposed with documentation of a negative maternal HIV test result during pregnancy. If the start of maternal ART occurred before the calculated date of the last menstrual period according to neonatal gestational age at delivery, births were categorized as exposed to ART from conception. Births with a maternal ART start date after the calculated last menstrual period were categorized as ART exposed after conception. Births to HIV-infected mothers with no ART before delivery were considered to be ART unexposed. Births to mothers taking a nonstandard ART regimen (<3 ART medications) or who switched or stopped ART were excluded from ART-related analyses.
Outcome Definitions
The primary outcomes were the combined end point of any adverse outcome, which included stillbirth, preterm birth, SGA, or neonatal death, and the combined end point of any severe outcome, which included stillbirth, very preterm birth, very SGA, or neonatal death. Secondary analyses included individual evaluation of stillbirth, preterm birth, very preterm birth, SGA, very SGA, and neonatal death. Stillbirth was defined as fetal death (Apgar scores of 0, 0, and 0); preterm birth, a birth at a gestational age of less than 37 weeks; very preterm birth, a birth at a gestational age less than 32 weeks; SGA, birth weight below the 10th percentile for gestational age; and very SGA, birth weight below the 3rd percentile for gestational age using WHO criteria (defined from 24 to 42 weeks of gestation). 25, 26 Neonatal deaths included deaths before 28 days of age among infants who had never left the hospital. Congenital abnormalities will be reported at a planned 4-year analysis when we project to have sufficient sample size and power.
Statistical Analysis
Birth outcomes were calculated by HIV exposure and ART status for all births and separately among singleton births only. To compare the risk for each birth outcome, we fit logbinomial regression models to obtain the unadjusted and adjusted risk ratio (ARR) among singleton births. Covariates for adjusted analyses were preselected based on data from a similar large birth outcomes studies in Botswana and included maternal age (<18, 18-35, or >35 years), gravida (1, 1-5, or >5), and low educational attainment (none or primary vs secondary or higher).
3,4 Models comparing outcomes by ART regimen from conception were limited to ART regimens with at least 160 exposures to have 80% power to detect a relative risk of 1.33 or higher in combined adverse outcomes. Given limited CD4 cell count availability, CD4 cell count was not included in primary models but was instead included in sensitivity analyses. Statistical analyses were performed using SAS software (version 9.3; SAS Institute Inc). All reported P values are based on a 2-sided test, with P <. 05 indicating statistical significance.
Results
During the study period, 47 124 births occurred at surveillance maternity wards, and information was available for 47 027 (99.8%) (mean [SD] age of mothers, 26.86 [6.45] years) ( Figure) . Of these, 34 616 (73.6%) were HIV unexposed, 11 932 (25.4%) were HIV exposed, and 479 (1.0%) had unknown HIV exposure status. Among HIV-exposed infants, 5780 (48.4%) were ART exposed at the time of conception, 4812 (40.3%) were ART exposed after conception, 276 were ART exposed with unknown timing (2.3%), 1059 (8.9%) had no ART exposure, and 5 (0.04%) had unknown ART exposure. The 5 most common regimens, accounting for 5087 (88.0%) of all known standard ART started before conception, were TDF-FTC-EFV (n = 2503), TDF-FTC-NVP (n = 775), TDF-FTC-LPV-R (n = 237), ZDV-3TC-NVP (n = 1403), and ZDV-3TC-LPV-R (n = 169) ( Figure) . Demographic characteristics of the entire study population are shown in Table 1 and for HIV-infected women who started ART before conception in Table 2 . The HIV-uninfected pregnant women were more likely to be younger, have higher educational attainment, and be primiparous compared with HIV-infected women (Table 1) . Among women starting ART before conception, women receiving TDF-FTC-EFV were younger and less likely to be married and had the shortest median duration of HIV infection and ART before conception (Table 2) . Women receiving LPV-R-based regimens had higher median CD4 cell counts, and women receiving ZDV-3TC-NVP had the longest duration of ART before conception. with those whose ART exposure started after conception. Stillbirth and preterm birth could not be compared because of the greater opportunity for these outcomes among those exposed from conception (ie, among women initiating ART in pregnancy, stillbirth or preterm birth could occur before ART initiation). Infants who were HIV exposed but not ART exposed had the worst birth outcomes (524 of 1059 [49.5%] total and 220 of 1059 [20. 8%] severe adverse outcomes) but were not directly comparable to ART-exposed infants owing to ex- treme differences in baseline characteristics, including citizenship and lack of antenatal care ( Table 1) .
Adverse Outcomes Among All Births
Adverse Birth Outcomes by ART Regimen From Conception
Among singleton infants exposed to ART from conception, any adverse birth outcome occurred in 901 of 2472 (36.4%) exposed to TDF-FTC-EFV, 317 of 760 (41.7%) exposed to TDF-FTC-NVP, 112 of 231 (48.5%) exposed to TDF-FTC-LPV-R, 647 of 1365 (47.4%) exposed to ZDV-3TC-NVP, and 75 of 167 (44.9%) exposed to ZDV-3TC-LPV-R ( After adjustment for maternal age, gravida, and educational attainment, singleton infants exposed to TDF-FTC-EFV from conception were less likely to have any adverse birth outcome or any severe adverse birth outcome compared with infants exposed to TDF-FTC-NVP (ARR, 1.15; 95% CI, 1.04-1.27), TDF-FTC-LPV-R (ARR, 1.31; 95% CI, 1.13-1.52), ZDV-3TC-NVP (ARR, 1.30; 95% CI, 1.20-1.41), or ZDV-3TC-LPV-R (ARR, 1.21; 95% CI, 1.01-1.45) ( Table 3 ). Exposure to TDF-FTC-EFV from conception was less likely to be associated with very SGA compared with exposure to all other regimens from conception and with SGA compared with all other regimens except ZDV-3TC-LPV-R. Exposure to ZDV-3TC-NVP from conception was associated with greater risk for stillbirth (ARR, 2.31; 95% CI, 1.64-3.26), preterm birth (ARR, 1.14; 95% CI, 1.01-1.29), neonatal death (ARR, 1.94; 95% CI, 1.13-3.33), and very preterm birth (ARR, 1.44; 95% CI, 1.07-1.95) compared with exposure to TDF-FTC-EFV. Infants exposed to ZDV-3TC-LPV-R also had a greater risk of preterm birth (ARR, 1.36; 95% CI, 1.06-1.75), neonatal death (ARR, 4.01; 95% CI, 1.78-9.11), and very preterm birth (ARR, 2.21; 95% CI, 1.29-3.79) compared with infants exposed to TDF-FTC-EFV (Table 4) .
Separate sensitivity analyses (data in eTable in the Supplement) of birth outcomes recategorizing unspecified ART as TDF-FTC-EFV (if it was started in 2012 or later), redefining conception exposure to include ART started within 4 weeks after conception, adjusting for duration of maternal ART and calendar year of delivery, and using generalized estimating equations and the robust variance estimator to account for clustering by maternity ward site did not change the direction or substantially change the magnitude of the results. Sensitivity analyses that included CD4 cell count in pregnancy (available for 1275 of 5087 [25.1%]) did not change the overall magnitude or direction of any adverse outcome or any severe outcome. We found no statistically significant association between years of maternal ART before conception (<2, 2-5, or >5 years) and adverse birth outcomes (eTable in the Supplement).
Discussion
We performed surveillance for adverse outcomes among almost 45% of the births in Botswana during a 2-year period. The changing ART landscape in Botswana allowed us to perform first-ever comparisons of adverse birth outcomes across multiple ART regimens, and we found that TDF-FTC-EFV exposure from conception was associated with a decreased risk for overall and severe adverse birth outcomes.
Our results extend prior findings on the safety of TDF-FTC-EFV regimens started during pregnancy 4 and provide reassurance for the more than 90% of HIV-infected women who live in countries that follow WHO recommendations to use TDF-FTC-EFV. 27 However, as reported in previous studies of birth outcomes throughout the world, 3,4,18,28,29 infants exposed to any ART regimen from conception (including TDF-FTC-EFV) had worse birth outcomes than did HIVunexposed infants. Further research is needed to understand the mechanism of adverse birth outcomes among these infants, and we believe that the distinct associations seen with different ART regimens in this study may provide guidance for future research. Differences between TDF-FTC-EFV and other ART regimens were greater for SGA than for preterm birth. This finding may suggest a drug-specific mechanism at the placental level because the health of the placenta is directly related to fetal growth. No research has been published on the effects of specific antiretroviral drugs on the placenta, but placental insufficiency has been associated with ART among women with stillbirth. 30 We hypothesize that some ART regimens may lead to placental insufficiency via impaired endothelial function 31, 32 by a direct effect on the endothelium or indirectly through an immunologic 13, 33 or hormonal 34 mechanism. Nevirapinebased ART has been associated with an increased risk for essential hypertension among nonpregnant women. 35 An ART effect at the level of the placenta may also explain why women receiving ART before conception have more adverse outcomes than those who start ART after conception because endothelial dysfunction during placentation would be expected to have a more detrimental effect on the pregnancy.
36
Our finding that ZDV-3TC-NVP was highly associated with an increased risk for stillbirth is concerning. The overall rate of stillbirth among births exposed to ZDV-3TC-NVP was 6.1% (83 of 1365), similar to the stillbirth rate of 6.3% among births exposed to ART from conception in a prior birth outcomes study in Botswana 3 from 2009 to 2011, when 87% of ART used was ZDV-3TC-NVP. This regimen could explain much of the increased risk for stillbirth seen among births exposed to ART at conception in prior studies.
3,4,7
The ZDV-3TC-LPV-R regimen was most associated with preterm birth, consistent with the findings of prior studies of protease inhibitors.
6,9,10,12 We also found that this regimen was associated with very preterm birth and increased risk for neonatal death. Our findings differ somewhat from the PROMISE trial, 5 which found that women with CD4 cell counts greater than 350/mm 3 randomized after 14 weeks of pregnancy to receive LPV-R paired with the TDF-FTC backbone had more severe adverse birth outcomes and neonatal deaths than did those receiving the ZDV-3TC backbone. However, this discrepancy could be attributable to preconception vs postconception ART exposure, restriction to women with a CD4 cell count greater than 350/mm 3 , or the higher LPV-R dose used in the PROMISE study.
Strengths and Limitations
Because a randomized clinical trial starting ART before conception and comparing birth outcomes is not feasible, we must rely on observational studies to assess the safety of ART from conception. Our study has several strengths, including a sample size large enough to evaluate severe birth outcomes; a short, 2-year time frame without the need for historic controls; a population with relatively homogenous sociodemographic characteristics and low levels of substance use; and the completeness of HIV and ART exposure data.
Limitations of this study relate to the observational study design, which decreased our ability to establish causation because of potential unmeasured confounding and indication bias. We attempted to address potential biases in several ways. Our analysis was restricted to infants with ART exposures from conception who had similar opportunities for adverse outcomes. We also adjusted for age and potential sociodemographic confounders, and we performed sensitivity analyses that included duration of HIV infection, duration of ART, calendar year of delivery, maternity ward site, and CD4 cell count in pregnancy (eTable in the Supplement). In each analysis, we found consistent associations with maternal ART regimen. We were unable to account for the nadir of the CD4 cell count or immunologic aging, which may have affected birth outcomes. However, NVP-based regimens (started at the lowest CD4 cell count) were not uniformly worse than LPV-Rbased regimens (started at a higher CD4 cell count), and no risk was identified among the subset of women receiving TDF-FTC-EFV with the lowest CD4 cell count, arguing against a nadir effect of the CD4 cell count.
Additional limitations included reliance on existing data from antenatal clinics and delivery sites and inability to document early fetal loss (<24 weeks), measure therapy adherence, or capture deaths outside the hospital. Our study findings may be difficult to integrate into settings with ART regimen choices beyond those available in Botswana. Whether the magnitude of the differences we found in Botswana will be similar in higherresource settings is unclear. Finally, EFV has historically been avoided in the first trimester of pregnancy because of concerns about neural tube defects, 17 and the present analysis does not directly address congenital abnormalities; however, neural tube defects will be evaluated in the final study analysis.
Conclusions
The most commonly prescribed ART in women of reproductive age, TDF-FTC-EFV, was associated with fewer adverse birth outcomes than other commonly used ART regimens in Botswana. This finding should provide reassurance to the global community. However, because specific ART regimens may be associated with worse adverse birth outcomes, increased efforts are needed to perform birth outcome surveillance as new antiretroviral medications are used in resource-rich and resource-limited settings. Our results also suggest that HIV infection and ART may play a more important role in adverse birth outcomes than was previously recognized and could help explain the lack of significant improvement in stillbirth and neonatal death rates throughout sub-Saharan Africa during the past 2 decades. 
